INVESTIGATION OF VARIOUS
SUBSTITUTION EFFECTS ON
BiPbSrCaCuO TYPE HIGH-
TEMPERATURE CERAMIC

SUPERCONDUCTORS

Vpelss

7.C. YOKSEK OCRETIM KURULY
DOKOMANTASYON MERKEZ]

by
Serpil SAKIROGLU

March, 2002 \\q o
IZMIiR



INVESTIGATION OF VARIOUS
SUBSTITUTION EFFECTS ON
BiPbSrCaCuO TYPE HIGH-
TEMPERATURE CERAMIC
SUPERCONDUCTORS

A Thesis Submitted to the
Graduate School of Natural and Applied Sciences of
Dokuz Eyliil University
In Partial Fulfillment of the Requirements for
The Degree of Master of Science in Physics

by

Serpil SAKIROGLU

March, 2002
iZMIiR



iii
M.Sc. THESIS EXAMINATION RESULT FORM

We certify that we have read this thesis, entitled “INVESTIGATION OF
VARIOUS SUBSTITUTION EFFECTS ON BiPbSrCaCuO TYPE HIGH-
TEMPERATURE CERAMIC SUPERCONDUCTORS” completed by Serpil
SAKIROGLU under supervision of Prof. Dr. Kemal KOCABAS and that in our
opinion it is fully adequate, in scope and in quality, as a thesis for the degree of
Master of Science.

Ao

—

Prof. Dr. Kemal KOCABAS

Supervisor
Pref . Dr. Wnd fazanc Pef. Dr. fongaiin  OTBRAY
UWlajau o 7 O/ e,
-————S / /S P e
Committee Member ommittee Member
Approved by the

Graduate School of Naturgl and Applied Sciences

Prof. Dr.

Director



iv

ACKNOWLEDGMENTS

I wish to express my sincere gratitude to my supervisor Prof. Dr. Kemal
KOCABAS for his continual presence, invaluable guidance and boundless

enthusiasm throughout the course of this work.
I am also grateful to the Director of Ankara Nuclear Research and Training Center

Assoc. Prof. Ismail Ercan for his continual encouragement and technical support for
R-T measurements all throughout the work.

Serpil SAKIROGLU



ABSTRACT

In this work, eclemental substitutional effects on the structural and
superconducting properties of Bij 7Pbg3SrCay. M(Zn,Ag)xCu3O, system were
investigated. Our aim was an investigation the effects of substitution of elements

with different ionic radii respect to replaced element.

Partial molar replacement of Ca by ZnO and Ag,O was investigated in x=0.00 —
0.20 substitutional range. Samples prepared with conventional solid state reaction
method were sintered at 850°C after pressed under 375 MPa pressure.

Critical temperatures of samples were determined by resistivity-temperature
measurements made in liquid nitrogen conditions. XRD measurements were done by
powder x-ray diffraction method. Data on the granular structure of samples were
obtained from scanning electron microscope (SEM) photographs with X2000
magnification. Additional data about properties of the system was observed by
density measurements made by Archimedes water displacement method and by
calculations of volume fraction of high-T, phase obtained from XRD results.

Tc values for ZnO substituted samples are in 95-110 K range while for Ag,O
substituted samples are in 106-115 K range. All samples in both substitutional group,

show natrow transition width which gives information about purity of samples.

X-ray diffraction datum indicates that samples have multiphase structure and
contain 2223 phase as main phase. Volume fraction results, calculated with



intensities of L(008) and H(0010) peaks, in both group increase with substitutional
ratio, but have higher value for Ag;O group.

The density values for all samples are almost same and are less than the
theoretical density. Smaller density is sign of the less compact form and pores
between grains. Comparison of SEM microphotographs indicates that in both group
plate-like grain alignment is dominant. But for Ag,O substitution samples higher
grain size provides stronger contact, which improves superconducting properties.

Substituted elements have different ionic radii than Ca, ionic radii of ZnO is
smaller while Ag,O’s is higher. This difference of ionic radii may be responsible for
variation of the structure of system. Results show that Ag,O plays better role in

improvement of the superconducting properties than the ZnO.
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OZET

Bu c¢alismada Bi;7Pbo3SrCar.xM(Zn,Ag)xCuzOy sisteminin yapisal ve
superiletkenlik &zellikleri izerine elemental katkilama etkileri incelenmistir.
Amacimiz, yerdegistirilen elemente gore farkl iyonik yarigaplara sahip elementlerin

katkilama etkilerini incelemekti.

Ca’un ZnO ve AgyO ile kismi yerdegistirmesi x=0.00-0.20 katkilama oram
aralifinda aragtirlmigtir. Katihal reaksiyon yontemiyle hazirlanan 6rnekler 375 MPa
basing altinda preslendikten sonra 850°C’de sinterlenmigtir.

Orneklerin kritik sicakliklan sivi azot ortaminda yapilan &zdireng-sicakhik
Slgtimleriyle belirlenmigtir. XRD 6lglimleri x-igim1 toz diffraksiyon ydntemiyle
yapilmugtir. Orneklerin tanecikli yapist hakkindaki veriler X2000 biiyiitmeli taramali
electron mikroskobu (SEM) fotograflarindan elde edilmigtir. Sistem O6zellikleri
hakkindaki diger veriler Archimedes su yerdegistirme yontemi ile yapilan yoguniuk
Olgtimleri ile XRD sonuglarindan elde edilen yiiksek-T, fazi hacim kesri
hesaplamalarindan bulunmustur.

Ag>0 katkili ornekler i¢in T; degerleri 106-115 K araliginda iken ZnO katkih
ornekler i¢in 95-110 K araligindadir. Orneklerin saflign hakkinda bilgi veren gegis
aralipr her iki katki grubundaki tiim 6rnekler igin dar bir aralia sahiptir.

X-15m diffraksiyon sonuglar1 Srneklerin gokfazli bir yapiya sahip oldugunu ve
ana faz olarak 2223 fazimin var oldugunu géstermigtir. L{008) ve H(0010) piklerinin
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siddetleri kullamlarak hesaplanan hacim kesri sonuglar1 her iki grup igin katkilama
oran ile artmugtir, ancak Ag,O grubu i¢in daha biiyiik degerlere sahiptir.

Tiim Ornekler igin yogunluk degerleri hemen hemen aymdir ve teorik degerden
daha kiiciiktiir. Daha kii¢iik bir yogunluk daha az siki formun ve tanecikler arasi
gézeneklerin varliginin igaretidir. SEM mikrofotograflarinin karsilagtirilmasi her iki
grupta diizlemsel tanecik dizilimin baskin oldugunu gostermektedir. Fakat Ag,O
katkili 6rneklerin daha biiylik tanecik &lgiileri, siiperiletkenlik 6zellikleri iyilestiren
daha giiclii kontag: saglarlar.

Katkilanan elementler Ca’a gore farkli iyonik yarigaplara sahiptir, ZnO’in iyonik
yarigapt daha kiiclik iken Ag,O’nin yaricapi daha biyiikiitr. Yarigaplardaki bu
farklilik sistemin yapisindaki degisimden sorumlu olabilir. Sonuglar Ag,O’nin ZnO’e
gére stiperiletkenlik 6zelliklerinin iyilesmesinde daha iyi bir rol oynadigim
gOstermektedir.
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CHAPTER ONE
INTRODUCTION AND OVERVIEW

1. 1. Introduction

In 1911, Heike Kamerling Onnes discovered superconductivity (the ability of a
metal to carry electricity with no resistance) in mercury, cooled by expensive and
rare liquid helium to below the critical temperature (T.) of 4.2 K(Kelvin). During the
next 75 years, applications were developed, such as powerful magnets built of
superconducting materials for medical magnetic resonance imaging(MRI), high
energy accelerators like the proposed Superconducting Supercollider (SSC), and very
sensitive magnetic field detectors called Superconducting Quantum Interference
Devices (SQUIDs). Because of the expense and inconvenience of liquid helium
refrigeration, however, other applications of the phenomenon were not considered

economically feasible.

In April 1986, two researchers at IBM in Switzerland, K.Alex Muller and George
Bednorz, detected superconductivity in (La-Ba),CuO4 with a T, up to 35 K, in
contrast to the previous record of 23 K for which they were subsequently awarded
the Nobel Prize. By the end of 1986, superconductivity research achieved
revolutionary advances with the the effort of W.Chu and colleagues at the University
of Houston. Signs of superconductivity above 77 K were repeatedly observed in
poorly-characterized samples during the period, strongly affirming the belief in the
existence of superconductivity in the liquid-nitrogen temperature range. The
scientific world knew that the textbooks had to be rewritten after January 1987, when
the Houston group in collaboration with M.K.Wu, Chu’s former student, achieved
stable and reproducible superconductivity above 90 K in YBa,Cu307.4 (Y123), with



(Y123), with T, close to 100 K. The recent discovery of superconductivity in
magnesium diboride (MgB,-2001) with T, as 39 K caused excitement in the Solid
State Physics community. (MgB,) is a new simple intermetallic superconductor with
a high superconducting transition temperature for a nonoxide and non Cgg based
compound. The reported value of T, seems to be either above or at the limit
suggested theoretically for BCS, phonon mediated superconductivity (Kazakov et
al.,2001).

In addition to the savings in cost resulting from the displacement of liquid
helium by liquid nitrogen for cooling, it is now apparent that superconductivity
applications with more inexpensive refrigerants are possible. The race for new
superconductors with higher T, continues. Bismuth and thallium superconducting
systems were discovered in 1988 which superconduct at 110 K and 125 K,
respectively. The mercury-based compound was discovered in 1993, with

temperatures up to 164 K under pressure, another world record set at Houston.

The observation of superconductivity above 77 K in such unusual classes of
materials defied the predictions of earlier theories; but these materials are also
intriguing because they behave unusually above their T,’s as well; e.g. the Meissner
effect. The causes for and consequences of these observations pose great challenges
to physicists, chemists and material scientists. Even though “the liquid nitrogen
barrier” has been broken, many of the great promises of superconductivity
technology have yet to be realised. The difficulties with the materials can be
attributed to many of the material and engineering problems of HTSC’s, e.g. making
long HTSC wire than can carry large current without energy loss and can retain
excellent superconducting properties over long periods of time without chemical and
physical degradation.

However, commercial applications of HTSC technology field such as electric
power, transportation, electronics and medicine are now appearing. Current
applications of HTSC include thin films, magnetic resonance imaging (MRI),
wireless communication filters and ultra-fast computer chips. By the year 2010, it is
estimated that the global superconductivity market will be in excess of $50 million.

T.C. YOKSEKOCRETIM KURULL
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1. 2. The Phenomenon of Superconductivity
1. 2. 1. A Brief History

A perfect superconductor is a material that exhibits two characteristic properties,
namely zero electrical resistance and perfect diamagnetism, when it is cooled below
a particular temperature T, called the critical temperature. At higher temperatures it
is a normal metal, and ordinarily is not a very good conductor. For example, lead,
tantalum, and tin become superconductors, while cooper, silver, and gold, which are
much better conductors, do not superconduct. In the normal state some
superconducting materials are weakly diamagnetic and some are paramagnetic.
Below T, they exhibit perfect electrical conductivity and also perfect or quite

pronounced diamagnetism.

In 1908, H.Kamerling Onnes initiated the field of low-temperature physics by
liquifying helium in his laboratory at Leiden. Three years later he found that below
4.15 K of the dc resistance of mercury dropped to zero. With that finding the field of
superconductivity was born. Five years later, in 1913, the element lead was found to

be superconducting at 7.2 K (Ulug, 1994).

ha.
-

Resistivity (152.cm)

T >
¢ Temperature (K)
Figure 1.1. Resistivity behaviour of a superconductor.

A considerable amount of time went by before physicists became aware of the
second distinguishing characteristic of a superconductor — namely, its perfect
diamagnetism. In 1933, Meissner and Ochsenfeld discovered that when a sphere is
cooled below its transition temperature in a magnetic field, it excludes the magnetic



flux from the interior of a superconductor. This as encountered on cooling is now
called Meissner effect. The report of Meissner effect led the London brothers, Fritz
and Heinz, to propose equations that explain this effect and predict how far a static
external magnetic field can penetrate into a superconductor. The next theoretical
advance came in 1950, with the theory of Ginzburg and Landau, which described
superconductivity in terms of an order parameter and provided a derivation for the

London equations.

In the same year it was predicted theoretically by H.Frohlich that the transition
temperature would decrease as the average isotopic mass increased. This effect,
called the isotope effect, provided support for the electron-phonon interaction

mechanism of superconductivity, was observed experimentally the same year.

In 1957 Bardeen, Cooper and Schrieffer (BCS) proposed a microscopic theory of
superconductivity that predicts quantitatively many of the properties of elemental
superconductors. In addition, the Landau-Ginzburg theory, with the added bonus that
the charge and mass of the “particle” involved in the superconducting state emerge
naturally as 2e and 2m,, respectively. In this theory it is assumed that bound electron
pairs that carry the super current are formed and that an energy gap between the

normal and superconductive states is created.

In 1986, Bednorz and Miiller at IBM Zurich Research Laboratory discovered a
new outstanding superconductor with a critical temperature T, of 30 K in the La-Ba-
Cu-O (LBCO) system. Late in 1986, Tanaka’s group at the University of Tokyo,
demonstrated that the substitution of Sr for Ba worked to increase T, as high as 42.5
K. After a little silence on high-T, information, on February 1987, Wu et al. at the
University of Alabama and the University of Houston discovered superconductivity
at 90 K, above liquid-nitrogen temperature, in the Y-Ba-Cu-O (YBCO) system. Early
in 1988 Maeda and Michel et al. found a sample showing stepwise two transitions in
the electrical resistance-temperature curve measured by the standard four-probe
method. The high transition exhibiting an onset temperature of 114 K and a projected

zero resistance value of approximately 105 K and the lower one at about 80 K. The



sample had a nominal composition of BiSrCaCuO. More recently, Berkley et al.
(1993) reported T,~=131.8 K for Tl;Ba;Ca;Cu3Oq¢.x at a pressure of 7 GPa. Several
researchers have reported T. above 130 K for the Hg series of compounds

HgBa;Ca,;Cup+1 Ozq+4 With n=1,2.. sometimes with Pb doping for Hg.

. ®)
el 2001-MgB, (40K)
§ y «— Hg-Ba-Ca-Cu-O
130 ¢ -
120- ﬁ-Ba—Ca—Cu—O
110 R Bi-Sr-Ca-Cu-O
1004
Iagmd 02 > 904 ¢ ¢— YB&ZCuSO?_x
Ligid Ny 804
70
GHE
50 ¢« La-Sr-Cu-O
40+
304 NbsSn NoGe | LaBaCuO
Liguid H2 *» 2071 Hg o R’ZC&]
Li.qlﬁd He ﬁ 0 1 [ — 1 S Yem‘

T T 1 v ‘IL
1910 1930 1950 1970 1990

Figure 1.2. Historical evolution of superconductivity.

1. 2. 2. Types of Superconductors and Some Properties of Them
1. 2. 2. 1. Type-I Superconductors

According to their magnetic properties, superconductors are divided into type-I
and type-II superconductors. Type-I superconductors include all superconducting

elements except niobium. Niobium, superconducting ailoys and chemical compounds



make up the second group, type-II superconductors. The so-called high-T,

superconductors also belong to this group.

The essential difference between the two groups lies in their different response to
an external magnetic field. The Meissner-Ochsenfeld effect is observed in type-I
superconductors only. Type-l superconductors, with a positive interface energy,
show a reversible first-order phase transition with a latent heat when the applied
magnetic field reaches B,; an at this particular field relatively thick normal and
superconducting domains running parallel to the field can coexist, in what is known
as the infermediate state. A metal in the superconducting state never allows a
magnetic flux density to exist in its interior. When a superconductor is cooled in a
weak magnetic field, at the transition temperature persistent screening currents arise
on the surface and circulate so as to cancel the flux density inside, in just the same
way as when a magnetic field is applied after the metal has been cooled. This effect,
whereby a superconductor never has a flux density inside even when in an applied

magnetic field, is called the Meissner effect as shown in Figure 1.3(Waldram, 1996).

T>T, T<T,

\ﬂ\& “f
(b}

Figure 1.3. A type-I superconductor in the form of a long cylinder in the presence of

an external magnetic field.
The strength Hj of the applied external magnetic field is given by

Ho = Bo/ o (1.1)

2. YOKSEKOCRETIM KURULY
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and the flux density in a magnetic material is related to the strength of the applied
field by

B = po (HotM) (1.2)

where M is the magnetization of the material. The magnetization of a

superconductor, in which B=0, must therefore be

M=-H, (1.3)

and the magnetic susceptibility, i.e. the ratio of the magnetization to the field
strength, must be

x=-1 (1.4)

When a superconducting sample is in an applied magnetic field, the screening
currents, which circulate to cancel the flux inside, must flow within very thin surface
‘layer. Consequently, the flux density does not fall abruptly to zero at the boundary of
the metal but dies away within the region where the screening currents are flowing.
For this reason the depth within the currents flow is called the penetration depth(i),
because it is the depth to which the flux of the applied external magnetic field
appears to penetrate.

o

Superconductor

i

B{®)

—r—

Figure 1.4. Variation of flux density at boundary of a superconductor.



The London theory of superconductivity predicts that in a specimen which is
much thicker than the penetration depth the magnetic flux density decays
exponentially as it penetrates into the metal,

B(x) =B(0) ¢™*'* (1.5)

Where B(0) is the flux density at the surface of the metal and A is London penetration
depth which is typically about 50 nm for type-I superconductors (Schmidt, 1997).
The penetration depth does not have a fixed value but varies with temperature. At
low temperatures it is nearly independent of temperature and has a value X
characteristic of the particular value. Above about 0.8 of the transition temperature,
however, the penetration depth increases rapidly and approaches infinitely as the
temperature approaches the transition temperature T.. The variation of penetration

depth with temperature is found to fit very closely the relation
A =%/ [1- (T/T)*™ (1.6)

If a metal is to remain superconducting, the net momentum of the superelectrons
must not exceed a certain value. For this reason there is a limit to the density of
resistanceless current J; that can be carried by any region in the metal. As a result of
this critical current density, a superconducting metal will be driven normal if a
sufficiently strong magnetic field, called thermodynamic critical field B, is applied
to it. In the normal region above the transition temperature there is no critical field
(B. =0) and there is a total magnetic field penetration (A=w). As a superconductor is
cooled down through the tranmsition temperature T., the critical field gradually
increases to its maximum value B(0) at absolute zero (T=0), while the penetration
depth decreases from infinity to its minimum value A(0) at absolute zero. The

temperature dependence of critical field can be given by expression

B. = B(0)[1-(T/To)’] (1.7)
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Figure 1.5. Phase diagram of a superconductor, showing variation with

temperature of the critical magnetic field.

1. 2. 2. 2. Type-1I Superconductors

Type-I superconductors that exhibit zero resistance are also perfect diamagnets for
applied magnetic fields below the critical field B, and become normal in higher
magnetic fields. When a superconductor is cooled below the transition temperature
some extra form of order sets in amongst the conduction electrons, so a
superconductor can be regarded as consisting of two interpenetrating electronic
fluids, the normal electrons and the superelectrons. The superelectrons in some way
possess greater order than the normal electrons, and we can think of degree of order
of superconducting phase as being identified with the density of superconducting
electrons (n;). n; cannot change rapidly with position, but can only change
appreciably within a distance which for pure superconductors is of order of 10 cm.
This distance is called coherence length (&).

Neormal Superconducting
AN
M\\h _ Number of
adg:rels 'g ux: £ = - superelecirons

g\\\e‘—& > #,/’/

Figure 1.6. Penetration depth and coherence range at boundary between normal and
superconducting regions.
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One consequence of the existance of the coherence length-is that, the boundary
between a normal and superconducting region cannot be sharp, because the density
of superelectrons can rise from zero in the normal region to its density ng in the
superconducting region only gradually over a distance equal to about the coherence
length as shown in Figurel.6 (Bourdillon&Bourdillon, 1994). An important property
of the coherence length is that it depends on the purity of the metal. Their coherence
length exceeds their penetration depth so it’s not energetically favorable for

boundaries to form between their normal and superconducting phases.

When the penetration depth 4 is larger than coherence length ¢, it becomes
energetically favorable for domain walls to form between the superconducting and
normal regions. When such a superconductor, called type-II, is in a magnetic field,
the free energy can be lowered by causing domains of normal material containing
trapped flux to form with low energy boundaries created between the normal core
and the surrounding superconducting material. When the applied magnetic field
exceeds a value referred to as the lower critical field B;, magnetic flux is able to
penetrate in quantized units,called flux quantum @, by forming cylindrically
symmetric domains called vortices (Waldram, 1996).

<I>0=2i=2,06.10"5 weber (1.8)
e

— L .

Normal / \

. PSRRI
Superconducting

Figure 1.7. A schematic diagram of a type-II superconductor in the vortex state.
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For applied fields slightly above B, the magnetic field inside a type-II
superconductor is strong in the normal cores of the vortices, decreases with distance
from the cores, and becomes very small far away. For much higher applied fields the
vortices overlap and the field inside the superconductor becomes strong everywhere.
Eventually, when the applied field reaches a value called the upper critical field B,
the material becomes normal (Poole, Farach, & Creswick, 1995).

fe—— 2x —=

—» 28

-T

Figure 1.8. Sketch of the magnetic field around an individual vortex

Alloys and compounds exhibit type-Il superconductivity, with mixed-type
magnetic behaviour and partial flux penetration above B,;. The superconductors used
in practical applications, which have relatively high transition temperatures, carry

large currents and often operate in large magnetic fields, are all of type-II.

There are two characteristic lengths whose relative ratio determines the type of the
superconductivity in the magnetic field, the coherence length ¢ and the penetration
depth A. Their ratio is the Ginzburg-Landau parameter k,

k=A/E (1.9)

The density of super electrons ng, which characterizes the superconducting state,
increases from zero at the interface with a normal material to a constant value far
inside, and the length scale for this to occur is the coherence length & An external
magnetic field B decays exponentially to zero inside a superconductor, with length
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scale A. The ratio « has a critical value (1/ 2 ) above which the superconductor is of
type-I1.

k <0.71 surface energy positive (Type I) (1.10)
> 0.71 surface energy negative (Type II)

The thermodynamic critical field B., can expressed as the difference G, -Gs in the
Gibbs free energy between the normal and the superconducting states to the magnetic

energy B2/ 2, of this critical field (Rose-Innes & Rhoderick, 1980),
Gn-Gs=B2/ 2 (1.11)

In addition of this thermodynamic critical field, type-Il superconductor has lower
and upper critical fields, B, and B, which are temperature dependent and can be

expressed in terms of B,

B=—2 (1.12)

Be= +2xB, (1.13)

- Vortex \\Ec‘?

\\\\b .
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Figure 1.9. Critical magnetic fields as a function of temperature for type-II

superconductors.
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Defects, such as dislocations, precipitates of second phases, grain boundaries or
voids, generally interact with the vortices, which have a core radius equal to the
coherence length and a surrounding outer region with radius equal to the penetration
depth. At field strengths B <B.<B.,, in defect-free materials, the fluxoids move
relatively easily through the superconductor to take wup their equilibrium
configuration, so the magnetization is reversible. Defects pin the fluxoids and
prevent or restrict their movement. As the fields outside the superconductor and
within it increase, fluxoids enter the material. Flux pinning causes flux entry delay,
and the flux escape is inhibited when the field is reduced. The superconducting state
can be represented, in type-II superconductors, on a phase diagram in 7-B-J space as
shown in Figure 1.10 (Bourdillon & Bourdillon, 1994).

Figure 1.10. T-B-J phase diagram for type-II superconductor. The resistive state is
bounded by a surface, which depends on specimen geometry.
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1. 2. 2. 3. Specific Heat

Useful experiments to make on superconductors are heat capacity measurements.
In treating the superconducting state it is convenient to make use of the free energy
because (1) the superconductivity state is always the state of lowest free energy at
particular temperature, and (2) the free energies of the normal and superconducting
states are equal at the transition temperature. The free energy of the superconducting
state can be derived from measurement of B,. When B=0 there is no latent heat on
cooling though the superconducting transition. This is a second order transition and

so the specific heat is discontinuous at T as shown in Figurel.11 (Kresin,1990).

—— Superconducting

- — — Normal

Specific heat ——=»

s
s
!
T;
1

Temperature — =
Figure 1.11. Specific heat in normal and superconducting states.

The lambda-shaped peak, shown inset, is subtracted from the measured specific
heat after curve fitting at temperatures above and below T.. The parts subtracted are
the components of the specific heat due to the lattice, C;, and to the normal electrons,
C,. The measured specific heat can be written as the sum (Bourdillon & Bourdillon,
1994).

T 3
C=C+C+ Cn:CS+A(6_J + yTny(T) | (1.14)

D

where C; is the specific heat due to the superelectrons, A and y are constants, Op is
the Debye temperature of the normal metal with density of normal electrons, n,,
changing with T. In the superconducting state the heat capacity varied roughly as T >,
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rising above the linear heat capacity of normal state as T, was approached, and
falling back to the normal value with a vertical discontinuity at T, with no latent heat
at transition.

C, —T.
s e =143 1.15

4

The heat capacity anomaly at T; was of the sort usually associated with a higher-
order phase transition involving an ordering process, like the appearance of
ferromagnetism below the Curie temperature. This result suggested that
superconductivity is due to the appearance below T, of a group of electrons which
have condensed into a new type of highly ordered quantum state, whose current, for
some unknown reason, could not be removed gradually by the usual scattering
mechanism. The absence of thermoelectric effects could be explained if the

condensed electrons were so highly ordered as to carry no entropy.

1. 2. 2. 4. Microscopic Theory of Superconductivity
BCS Theory

In 1957 Bardeen, Cooper and Schrieffer proposed a microscopic theory of
superconductivity that predicts quantitatively many of the properties of elemental
superconductors. The BCS theory is based on the fact that the interaction between
electrons resulting from virtual exchange of phonons is attractive when the energy
difference between the electron states involved is less than the phonon energy, ho. It
is favorable to form a superconducting phase when this attractive interaction
dominates the repulsive screened Coulomb interaction. The normal phase is
described by the Bloch individual-particle model. The ground state of a
superconductor, formed of a linear combination of normal state configurations in
which electrons are virtually excited in pairs of opposite sign and momentum, is
lower in energy than the normal state by an amount proportional to an average (ho)’,
consistent with the isotope effect. A mutually orthogonal set of excited states in one-
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to-one correspondence with those of the normal phase is obtained by specifying
occupation of certain Bloch states and by using the rest to form a linear combination
of virtual pair configurations.

A free electron may be represented by waves, and in an absolutely perfect crystal
structure free from thermal vibrations (i.e. cooled to absolute zero), can propagate
freely without attenuation, rather in the way in which an electric wave can pass along
a lossless periodic filter without attenuation. However, if the perfect periodicity of
the lattice is destroyed by thermal vibrations, the lattice behaves like a periodic filter
in which the values of the some components fluctuate in a random manner. This
causes a partial reflection of the wave, and in the same way an electron which
encounters any departure from perfect periodicity of the crystal lattice would have a
certain probability of being reflected, or scattered. Since the electrons are interacting
with the atoms, this is called the electron-phonon (electron-lattice) interaction. In
very poor metals (weakly delocolized) it is this interaction that determines the
resistivity. In 1950 Frohlich pointed out that the electron-phonon interaction provides

a mechanism for a weak attraction between two electrons.

Represented in Figure 1.12. is how an electron (electron 1) will attract the positive
ions around it, which move inward from their equilibrium positions showed in

dashed circles (it is said that the electron polarizes the crystal) .

Latfice 1on

Pl T {’%
) J (2

O—O—O

Figure 1.12. Basis for the attractive interaction between two electrons via lattice

deformation.



17

This distorted region of the lattice has a net positive charge, and hence another
electron (electron 2) in this general vicinity will be drawn toward this region because
of the higher density of the positive charge. Hence, electrons are attracted to each

other via the movement of the ions.
Figure 1.13.(Demirel, 1995) shows how this interaction is represented. An

electron of wave vector k; emits a phonon of wave vector q and is scattered into a

state with wave vector k, such that

ki=k,+q (1.16)

In comparable manner this phonon is absorbed by a second electron, which changes

its wave vector from kzto k., .

Figure 1.13. Schematic representation of electron-electron interaction transmitted by a

phonon.

Both processes conserve crystal momentum, hence

k,+q=k, (1.17)

and therefore

k1+k2=k|| +k; (1.18)
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Thus an incoming electron of energy & scattering on the lattice emits a phonon of
energy ho that is then observed by another electron of energy ¢, . This effective

electron-electron interaction is given by

hwq

R

(1.19)

where Wy is electron-phonon matrix element (Demirel, 1995). Energy conservation
during that process imposes the equality ho, = &, — &, . However the interaction, as
it occurred during a short time At, imposes an uncertainty on the particle’s energy
AE, such that the Uncertainty Principle given by At AE = h is not violated. An

attractive interaction results when %o, ),ek - 3k| .

If two extra electrons are added to an electron gas in a solid at T = 0 according to
the Pauli Exclusion Principle they are positioned above the Fermi energy (Figure
1.14, Demirel, 1995).

> N(E)

Figure 1.14. Occurrence of Cooper pair formation around E., and Boson
condensation of Cooper pairs onto A, the Boson level after phononic

interaction over the electronic range 2hwg around E;.

TC. YORSEKOCRETIV KURUA
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Cooper showed that Eq.1.19 is approximated by a negative non-zero constant (-V)
in the energy interval 2hwp around the Fermi energy, so that then a binding energy A
is introduced between two electrons. hwp the average phonon energy, which
characterises the cut-off of the phonon spectrum, and N (gf) density of free particle
states. Moreover it was found that the binding energy 4 is greatest when k + k’= 0
and the total spin is zero (singlet state).

As a result the total energy of the Cooper pair is smaller than for the equivalent
electron set separately. This added stability drives the system to the lower ground
state energy with the formation of a coherently condensed state of pairs in a

superconducting phase at low temperatures.

1. 2. 2. 5. Tunneling

When, two metals are separated by a thin insulating layer it forms a potential
barrier between the metals. Quantum mechanics predict that, if the layer is
sufficiently thin, electrons can tunnel between the metals. If a voltage is applied
across the metals the tunneling current is proportional to the applied voltage,
following Ohm’s law.

Tunneling in superconductors is technically valuable and also provides
fundamental information about superconducting gap energies and other features.
There are several types of tunneling, characterized by the nature of the barrier and of

adjacent solids.

The tunneling of electrons between a metal and superconductor separated by a
narrow insulating gap (air gap) . When a small voltage is applied, the current passed
is close to zero, but it increases discontinuously at a certain applied voltage, and with
further increase the I-V curve is ohmic (Kresin & Wolf, 1990).
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Figure 1.15. I-V behaviour of Josephson junction where 2A is energy gap of

superconductor.

The discontinuity shows that the superconductor contains a band gap where the
density of states equals to zero. When the potential applied across the air gap is equal
to the energy of the superconducting band gap, A, transport begins. In low
temperature superconductors the gap energies are much smaller and are related to

respective T..

With forward bias V> A/e applied to the superconductor, electrons flow from the
metal to the conduction band of the superconductor, as illustrated in Figurel.16. In
reverse bias, superconducting electrons conduct by going normal during tunneling.
This occurs when V< A/e, the energy gained in tunneling being used to excite a
second superelectron into a normal electron state, which is an example of electron

pair behaviour found to be general in superconductivity.

In a second type of tunneling, namely in superconductor-insulator-superconductor
(SIS) junctions, conductions begin when V= A/e. Figure shows schematically the
break-up of a superelectron pair into two normal electrons. This I-V behaviour
results from single particle tunneling.
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Figure 1.16. Model for superconductor-metal tunneling with applied voltages of (a)
=0, (b) V=A/e and (c) V=-Ale. Occupied states are cross-hatched
below Fermi energy. SIS tunneling current grows when (d)V>2A/e. o

denotes Cooper pair and ® normal electron.

When superelectron pairs tunnel together, further effects occur. These effects, first
predicted by Josephson , occur typically in a circuit containing weak links. The weak
links can be SIS junctions, cracks, grain boundaries, point contacts, linear contacts,
material constructions or other inhomogeneitieé. The Josephson effect results from
interference between macroscopic waves of superconducting current. If a current is
generated across a weak link, the superconducting waves are coherent, but differ by
some phase shift dependent on the barrier. There are two principal phenomena: the
dc effect and ac effect (Bourdillon & Bourdillon, 1994).
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a) Josephson dc effect

A dc current will flow across a weak link in the absence of any electric or
magnetic field. The current of superconducting pairs across the weak link, connected
to an electrical circuit as in Figure 1.17.a, is related to the phase difference, A8, of

supercurrents on either side of the junction. The current can be written
I=TIosin A@ (1.20)

where I is characteristic of the junction. With zero applied voltage the current can

have any value between + Iy and - Ij.
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Figure 1.17. (a) Supercurrent dividing through two weak links suffers phase change
AQ due to applied potential. (b) Magnetic flux induces additional
circulating supercurrent, which suffers phase changes +8 and — 8 at the
junctions. (¢) Measurement of the resulting supercurrent in a low T,

SQUID interferometer shows interference in current transport.
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b) Josephson ac effect

If a dc voltage is applied across a junction, radio frequency current oscillations
result. Further, if a radio voltage is also applied, a dc current can be produced. If a dc
voltage, V, is applied, the current at time ¢ becomes I with osscilating frequency o

1=1ysin AB(t) = Iy sin {AO(0) - 2eVt/ h} (1.21)

©=2eV/h (1.22)

Josephson currents can be made to interfere in a SQUID (superconducting quantum

interference device). This consists of a circuit with two (Fig.1.17.b;

Bordillon&Bourdillon, 1994) or more Josephson junctions. The loop shown is

connected to a current supply and passing a current less than 2I,. The weak links can

be identical so that half of the current flows through each link with a phase change

A0. If a magnetic field, B, is now applied, a persistent current, I, will be induced

round the loop. This will add & to the phase change, A at one junction, and subtract
from the other. The two currents can be written

172 + I; =1 sin (AB + &) (1.23-a)

172 - Iy =1y sin (AO - §) (1.23-b)

The total current is still I, but this now defined through a trigonometric addition of
the preceding two equations:

I =2I, cos & sin AB (1.24)
Each flux quantum produces a phase change of 2 7, so that for each junction  =nr,
where n is the number of flux quanta in B. Since

n® = [B-dS (1.25)
integrated over the area, S, of the loop, it follows

I1=2I |cos(nz)sin A8 (1.26)

The maximum current depends on the flux in the loop, and the period is one flux
quantum (Fig 1.17.c). The SQUID magnetometer is the most sensitive detector of
magpetic flux.
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1. 2. 3. High Temperature Superconductors

There are some characteristic features in the structures of the high-T,
superconductive oxides. The first one is that the species of component elements are
many in number, at least four. The second one is that the crystal structures are of new
types named as perovskite. They seem to be rather complicated, but there is a
common structural element, a CuO; plane, in which the superconductive current
runs. Atomic planes of the remaining part, sandwiching the CuO, plane, also play an
important role in that they accommodate additional oxygen atoms or defects to
provide carriers (positive holes in the case of Bi-based superconductors) to the CuO,
planes. They are then called the charged reservoir. The transition temperature
between superconductive and nonsuperconductive states, T , strongly depends on
the concentration of carriers in the CuQ, planes, which closely relates to structures in

the charge reservoirs and the number of CuO; planes.

The third characteristic structural feature is that the high-T. superconductors often
include various kinds of lattice imperfections and impurity phases, which are
nonsuperconductive. They constitute a variety of microstructures, strongly affecting
the critical current density, J,, because they closely relate to the weak link at
boundaries between superconductive grains as well as to the pinning of magnetic
fluxoids. These defects depend on processing conditions. For example, intergranular
phases result from ihhomogeneous mixing of starting powders and from impurities.

Some inhomogeneity results from thermodynamic disorder.

The common feature of these ceramic materials is also positively charged hole
carriers. Hall measurement provide generally the most reliable measurements of
carrier densities, varied with oxygen concentration, in the various HTSC which have

positive values of Ry,

1. 2. 3. 1, Crystal Structure
After the discovery of the superconductivity in Bi,Sr,CuyO7.5 by Michael et al. at
1987 at 22 K, in 1988 Maeda et al. reported that the addition of Ca in Bi-Sr-Cu-O
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system has been rised the critical temperature to 105 K. A key point in attaining high
T, in the Bi oxides is the coexistence of two kinds of alkaline earth elements, Sr and
Ca. The Ca ion enables the the CuO; layers to be stacked up, which is responsible for
the increase of T, (Maeda & Togano, 1996 ).

The phases -of Bi-based superconductors -are generally formulated by Bi,Sr,
Cap.1CuyOopig41x. It is known that three phases, Bi,SryCuOg:ix (n=1, 2201 phase),
Bi;Sr;CaCu;0g4x (n=2, 2212 phase) and Bi,Sr,CayCu3Oj0+x (n=3, 2223 phase), are
formed by a conventional sintering methdd. These homologous phases are often inter
grown to each other, it is difficult to prepare any of these as a complete monophase,
especially 2223 phase. The substitution of cations frequently occurs in these phases.
It affects their stability and plays an essential role especially in the formation of the
2201 phase.

1. 2. 3. 1. 1. Crystal Structure of Bi>Sr,CuQg. 4

The first member of the BSCCO system (representation of Bi>SryCap.i CuyOaniasx
in literature) has a minimum critical temperature, T <20 K. For the phase the

simplest stacking sequence of atom planes may be shown by
(BiO)2/SrO/Cu0,/SrO/CuQ0,//Cu0,/SrO/(BiO),

Crystal structure of phase contains a square pyramidal Cu layers, which are
sandwiched between two SrO layers. In Bi»O, layer, Bi is in destroyed octahedral
structure. The lattice parameters are a = 3,81V2 ~ 5,39 A and ¢ = 24,6 A. BiO layers
are at the bottom of crystal structure (Figure 1.18; Nezir,1996) and Cu atoms are in
connection with 6 oxygen atoms in regular octahedral structure (Maeda &
Togano,1996).
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Figure 1.18. Crystal structure of Bi,Sr,CuOg system.

1.2.3.1.2. Crystal Structure of BizSr2CaCuy0g.

The second member of the BSCCO (representation of BiySr,Ca,.1CuyOopigex in
literature) has a critical temperature T, = 85 K. The structure has a pseudotetragonal
symmetry with lattice parameters a =b = 5,4 A and c = 30,7 A. Figure 1.19.a is a
model for the fundamental unit cell of the 2212 phase (Nezir, 1996). It contains four

formula units and is simply denoted by a stacking of atomic planes in the sequence of

(BiO),/Sr0/Cu0,/Ca/Cu0,/SrO/(BiO)y/ SrO/CuQ,/Ca/Cu0,/SrO/(BiO),
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Furthermore, these planes can be divided into two kinds of layers. One is a layer
consisting of SrO/CuQ,/Ca/Cu0,/SrO, which has a structure of perovskite type. The
CuO; planes function as the conduction planes of superconductive current. Another
is a SrO/(BiO), /SrO layer, which has a structure of NaCl type. The (BiO), planes
contribute as a charge reservoir. In contrast to 2201 phase structure, in 2212 phase
Cu atoms are connecting with 5 oxygen atoms in pyramid shape. Between these

pyramids, there is Ca atom, which hasn’t oxygen at a-b plane.

1. 2. 3. 1. 3. Crystal Structure of Bi>Sr2Ca,Cu3O0y¢:x

The critical temperature of Bi,Sr,Ca;CuzOjo+x (2223) phase is 110 K when doped
with Pb. This phase has a tetragonal structure. In addition to two BiO and SrO layers,
there is two Ca and three CuO layers, which increase c-axis parameter to 37,1 A. As
shown in Figure 1.19.b, three CuO layer dre separated from each other by Ca planes.
The two Cu ions have pyramidal coordination, while the third is square planar.

1. 2. 3. 2. Characterization

The two most characteristic properties displayed by superconductors are zero
resistance and expulsion of applied magnetic field. Ambiguities and experimental
artifacts can occur in each of these individual measurements, so the identification of
superconductivity in a new compound requires, not just careful experimentation, but
also the measurement of both transport and magnetic phenomena. The critical
temperature of superconducting material is usually determined by resistivity, a.c.
susceptibility, d.c. magnetization (zero field cooled), the Meissner effect (field

cooled) or specific heat discontinuity measurements.
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Figure 1.19. Crystal structure of (a) Bi;Sr;CaCuyOg and (b) Bi,Sr2Ca,CusOsg
systems.
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1. 2. 3. 2. 1. Electrical properties

Resistivity and magnetic properties are both used for measuring T,. However,
since the critical temperature, T, (B, I), depends on both applied field and on current.
T (0,0) can only be measured approximately at low field and low current. Curve of
the type shown in Figure 1.1. was obtained from measurements by the four-probe
technique with the smallest supply currents needed to detect the transitional voltage
drop. A typical current is 1 mA. At temperatures below T, the resistivity of the
superconductor becomes very small: values less than 10% Q.cm, have been
measured in conventional low temperature superconductors be persistent currents.
With increasing currents, especially in the high temperature superconductors, the
resistivity is complicated by significant resistive flux flow, especially as T — T,. This
residual resistance is due not only to the comparatively high thermal energies at these
temperatures, but also to the small coherence lengths which imply comparatively
small flux pinning forces. Therefore the measurements of zero resistance requires
definition concerning what exactly to be measured. Zero resistance is sometimes

defined as a resistivity less than that of Cu at the same temperature, ~ 10® Qcm.

1. 2. 3. 2. 2. Crystal Structures

The ready accessibility of X-ray diffraction makes it useful as a technique, not
only for phase identification, but more basically for initial identification of lattice
structure and for modelling of the basic unit cell. With a knowledge of the chemical
composition of a solid and of ionic sizes, structural models can be built and used in
refinement procedures with either X-ray or neutron diffraction spectra. In sheet
textured material, diffraction is enhanced for peaks corresponding to crystal planes
lying parallel to the sheet surface. Diffraction patterns for 2201, 2212 and 2223
phases of Bi-based system with CuK,, radiation is shown in Figure 1.20(Nezir,1996).
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Figure 1.20. Powder X-ray diffraction patterns (CuK,) of single phase BSCCO
system. [n=1 (2201); n=2 (2212); n=3 (2223)]
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1. 2. 3. 2. 3. Microstructures

After chemical reaction, texture, i.e., the orientation of microcrystalline grains
relative to material geometry, is the feature which provides the greatest control in
optimizing current transport and magnetic properties in bulk high temperature
superconductors. Microstructures are observed in variety of ways, and each other
technique bears its own merits. SEM (scanning electron microscopy) is the
workhorse of microstructural characterisation. This is because of the variety of
signals that can be recorded, each providing its own peculiar information, including
elemental analysis by energy-dispersive X-ray spectroscopy (EDX). The two signals
most commonly used in SEM imaging are the secondary electron signal and the
backscattered signal. The secondary electrons are of low energy, 0-10 eV, emitted
from the surface of a specimen, scanned by the focused electron beam, accelerated
by a potential between 5-40 kV.

The secondary electron image is often affected by artifacts on the specimen
surface, including surface corrosion and surface topography, especially on fractured
specimens. This is because the secondary electrons exit from a shallow depth owing
their low energies. They are therefore sensitive to surface phenomena, and secondary
electron images provide comparatively high spatial resolution because most emission

originates close to the point of incidence of the focused probe.



CHAPTER TWO
EXPERIMENTAL DETAILS

2. 1. Preparation of Samples

The chemical reactions which are used to form ceramic compounds follow after
the processing of starting powders. The preparation of the powders constitute the
most critical features, after temperature and time control, to the formation of
homogeneous final reaction products. Powder processing involves the control both of
particle size and of mixing of powders, whether starting powders or partly reacted
powders. Generally the chemical reactions are diffusion limited, and they can be

speeded up by prior production of fine, well mixed particles.

A solid-state reaction method is a general method producing superconducting
oxide. Figure 2.1. shows the flowchart for the solid-state process forming calsined
powder. Because the superconductivity of oxide is significantly influenced by the
minute deviation of the molar ratio of composed molecules, particular attention

should be given to the correct mixing ratio of raw material powders with high purity.

Prior to reacting, these powders are broken by mixing with other compounds so
that neighbouring grains react in a furnace to form new stable phases. These initial
decomposition of stable starting powders, by heating below their melting points, is
known as calsination. The rate at which calsination occurs depends on (1) the rate of
reaction at the reacting surface, (2) the rate of heat transfer and (3) the rate of gas
transport. The powders to be calsined are not normally pressed. Extra porosity is

often produced by escaping gases, and the reactions do not go to completion partly
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owing to small contact areas at interface between grains. Repated mixing, pressing
and grinding are needed to make a reaction go to completion so as to form single
phase high-T; compounds and to form a homogeneous sintered product. Surface
contact between particles is maximized by pressing the powders before sintering, and
the initial shape of the compacted material can often be ratained, with more or less

shrinkage or expansion, depending on processing conditions.

Bi; 04, PbO, 51C03,CaC05, CuD and sustitutional powders

~Z
Idlix end grind
4
Calsination
l
; Pelletization
\L
[ AN Sinterization
4

! l
Lt 1. . Measuring

X-tay analysis

Figure 2.1. Solid-state reaction method procedure for producing BPSCCO.

The dominant physical factor controlling sintering is temperature. After calsination
process preparated powders are shaping in pellets to ensure large areas of surface
contact between grains. Pellets are most easily formed by axial pressure applied with

a hydraulic press to powder in die. The effects of pressure are (1) to reduce pore size,
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(2) to break up particles especially at surface in contact, and (3) to introduce strain
and plastic flow.

2.2. Characterization of Samples
2.2.1. Resistivity Measurements

The dc resistivity of a sample is measured by the voltage drop across it, when a
current of known magnitude passes. The terminals used for measuring the voltage
pass little current when connected to a high impedance voltmeter. These terminals
are distinct from those used for passing the main part of the current through the
specimen, whose voltage drops in both leads and contacts are significant.

sample contacts

MICTOWAVE POWeEr

supp. capacitor
AN m——— ey
{1 )—|attenuator|——| |—— Current source
N s

Figure 2.2. Schematic four-probe resistance apparatus with temperature sensor used

for measuring dc resistivity.

Figure 2.2. shows a schematic diagram of four probes connected to a sample
whose temperature is measured by a temperature sensor in thermal contact with the
specimen. The fabrication of low resistance ohmic electrical contacts is important not
only to characterisation, but also to device fabrication. We have used copper wires at

0.05 mm in diameter and silver paste to get contacts with a little resistance.
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A cryogenic arrangement is shown in Figure 2.3. Cooling occurs by immersing
the sample into a cryogenic liquid, e.g., nitrogen, or into the cold gas above the
cryogenic liquid. The thermal gradients inside the dewar can be used to roughly
regulate the temperature. The thermal shield is used to maintain uniform temperature
around the specimen and temperature sensor. For high uniformity, the shield and
specimen support block are made of OFHC (oxygen-free high conductivity copper)
and supported by thin walled low conductivity stainless steel tube.

N |
: Vacum sysem :
Nanwalimeter Sample ! il

(Reithley2182 1 Mechanic

) Ll 1 pongp
L | Focum }
-] indicaior
Current source ! i ﬂ]t : :
(Eeithley 225) | ] |
| |G |
I l ] :
Temperature controller ,I :
umit

(Lake-Shore DRC91 CA) ' !

Figure 2.3. Cryogenic system for the measurement of resistivity.

2. 2. 2, X-Ray Diffraction Measurements

X-rays, arised when matter is irradiated with a beam of high-energy charged
particles, are relatively short wavelength and high-energy beams of electromagnetic
radiation. High temperature superconductors are pollicrystalline materials and an
ideal pollicrystalline material or powder is an ensemble of a very large number of
randomly oriented crystallites. X-ray diffraction is using for identification of
compounds by their diffraction patterns. There are essentially three methods: The
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rotating crystal method, the Laue method and the powder method. Regardless of the

method used, the quantities measured are essentially the same.

1. The scattering angle 20 between the diffracted and incident beams. By
substituting sin® into Bragg’s law (2d sin® = n}), one determines the interplanar
spacing as well as the orientation of the plane responsible for the diffraction.

2. The intensity I of the diffracted beam. This quantity determines the cell-structure
factor, Fpy, and hence gives information concerning the arrangement of atoms in

the unit cell.

The powder diffraction method is used to determine the crystal structure even if
the specimen is not a single crystal. The sample may be made up of fine, grained
powder packed into a cylindrical glass tube, or it may be pollicrystalline, in which
case it is made up of large number of small crystallites oriented more or less
randomly. A monocromatic beam impinges on the specimen, and the diffracted

beams are recorded on a cylindrical film surrounding it.

Because of the large number of cristallites which are randomly oriented, there is
always enough of these which have the proper orientation relative to the incident
monochromatic beam to satisfy Bragg’s law, and hence a diffracted beam emerges at
the corresponding angle. Since both ® and A are measurable, one can determine the
interplanar spacing ( Jenkins & Snyder, 1996).

Figure 2.4. Schematic illustration of the formation of a cone of diffracted radiation

from a given lattice plane in the powder diffraction method.

TC. YOUSEKOCRETIV KURY ws
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Other sets of planes lead to other diffracted beams corresponding to different
planar spacing for the same wavelength. Thus one can actually determine the lattice
parameters quite accurately, particularly if the crystal structure are already known.
Since the specimen is symmetric under rotation around the incident beam as an axis,
the diffracted beam corresponding to each scattering angle 2@ fans out along a cone

whose axis lies along the incident beam as shown in Figure 2.4.

X-ray diffraction patterns of ZnO substituted samples were obtained at Dokuz
Eyliil University,izmir, Minning Engineering Department by using JEOL JSDX
1008 Diffractometer in the 26=3°-60" range with CuK, radiation, 30 kV accelerating
potential and 22 mA current with powder diffraction method. Diffraction patterns of
Ag>0 substituted samlpes were obtained at Cumhuriyet University, Sivas, Geology
Engineering Department in the 26=0°-55° range CuK, radiation by a Rigaku D.Max
3C XRD.

2. 2. 3. Scanning Electron Microscopy (SEM) Measurements

SEM uses the secondary electrons that are ejected from a sample to image a
surface. These images are useful for studying surface morphology or measuring
particle sizes. The electron beam is rastered across the sample by ramping the
voltages on X and Y diffraction plates through which the electron beam passes (the
Z-axis is the electron beam direction). A detector above the sample detects the
secondary electrons to produce an intensity map as a function of electron beam

position, which is displayed on a video or computer screen.

The SEM microphotographs of the microstructure were taken by using JEOL
JIXA733 microscope at Dokuz Eyliil University,lzmir, Minning Engineering
Department.
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2. 3. Effects of Substitution and Doping in BSCCO System
2. 3. 1. Formation of Bi-2223 Phase

High-temperature superconductors are very interesting and also challenging. One
of the most widely studied systems is the Bi-Sr-Ca-Cu-O system, owing to its
chemical stability against aggressive environmental contaminations (for example
water vapour and CO,) compared to the La-Sr-Cu-O or Y-Ba-Cu-O systems, which

has made it attractive for potential applications.

High-T, phase can be formed by the diffusion of Ca, Cu and O atoms into low-T,
phase. However, its widely accepted that the diffusion of Ca and Cu is very slow and
therefore requires prolonged heat treatments (Padam et al., 1991). Prolonged heating
results in problems of reproducibility and control over stoichiometry. Yet two major
issues, namely the kinetics and the stability of the phase, seem to complicate the
development of single-phase 2223 superconductors ( Khan & Kayani, 1998). The
2223 phase is stable only in a very narrow temperature range and the kinetics of its
formation is so slow that it is almost impossible to obtain a pure 2223 phase.

Suzuki et al. (Suzuki, Inoue & Hayashi, 1989) reported that T, for the low- T,
phase gradually increased from 85 to 97 K with sintering time, while other
researchers have reported the values are in 75-85 K range. The reasons for the variety

of T values are not clear at present.

It has been reported that partial substitution of Bismuth by Lead plays an
important role not only in stabilizing the high-T, phase by suppressing the low-T,
2212 one, but also enhances the values of both T, as well as density without affecting
the structural properties of Bi-2212 (Anis-Ur-Rehman et al., 1998; Ravinder Reddy
et al., 1995; Kocabag, 1994). In fact, it has also been reported that the addition of Pb
up to a concentration of 0,35 mol % slightly improves the T. and density values
without affecting structure crystallographically (Ravinder Reddy et al., 1995).
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All the proposed (Bi,Pb)-2223 formation mechanisms accept that a liquid phase
related to CapPbQ4 is present (Yavuz et al., 1998). The addition of Pb, combined
with excess Ca, leads to the formation of Ca;PbQ4, which acts as a reservoir for Ca
and prevents PbO from acting as a flux. The formation of the Ca,PbO,4 phase
produces partially melted materials (non-superconducting phases such as Ca;CuO;
and Sr14CuQ4), offers a fast reaction path to form 2223, and accelerates the
formation of 2212 phase. Ca,PbO4 decomposes or melts around at 825°C in the
presence of 2212 phase reported that Ca,PbOy by itself is stable (up to 980°C in air),
and widens and lowers the temperature range of partial melting. The rate of
formation of 2223 depends on the atmosphere under which annealing occurs and on

doping.

2. 3. 2. Effect of Dopant and Substitution

In high-temperature superconductors, understanding the role of substitutients and
dopants is of great importance for scientific as well as applied purposes. When
doping, the following aspects are generally under consideration:
~ Change in electron / hole concentration or other physical parameters. The hole

concentration in high-T. superconductors may be changed by replacement of
atoms , by change of oxygen contents and oxygen redistribution (Romanenko et
al., 2000).

— Enhancement of the desired phase formation and phase stability. The multiplicity
of phases in BPSCCO system is a major problem in synthesis of homogeneous
material.

— Improvement of the superconducting characteristics. (e.g., formation of effective

pinning centers leading to critical current increase)

The influence of the dopants on synthesis processes and on final superconducting
characteristics could depend on the type and phase content of the precursor powders,
technological method/route and the type of the dopant ( Badica, Aldica & Mandache,
2000).
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2.3.2.1. Effect of Zn

There is an intense debate in the literature concerning the origin of the detrimental
effect on Zn on critical temperature in high-temperature superconductors. The
substitution of Zn in YBCO (123), BSCCO and HgBaCuO superconducting systems
depresses T at a rather dramatic rate in fully oxygenated compounds ( Li et al.,1999;
Bichhle et al., 1991; Halim et al. ,1999; Tepe & ABukay, 1997; Hu et al., 2000) with

the rate being in the oxygen deficient samples.

The transition width increases for high Zn contents. The larger transition width
comes from inhomogeneity due to the Zn substitution for Cu (Park et al., 1999)
which leads to a redistribution of charge on several sites nearby (Gupta & Gupta,
1998).

The deteriorative of zinc doping on superconductivity mainly originates from the
strong and extended perturbation caused by Zn”*. First, Zn?* redistributes the charge
on neighbouring atomic sites and produces a considerable number of scattering
centers that break the Cooper pairs. Second, Zn** modifies the spatial location and
electronic state of apical oxygen and affects the interlayer charge transfer, thus
strongly suppressing the superconductivity (Abd-Shukor & Lo, 2001).

2. 3.3.2. Effect of Ag

The beneficial and detrimental effects of Ag addition in (Bi,Pb)-Sr-Ca-Cu-O
system have been studied by several groups. Ag is known to promote the formation
of 2223 phase and improve c-axis texture, mechanical ductility and critical current
(Chiu et al., 1994; Sobha et al., 1998).

However, the published results of silver effect on superconductivity of BPSCCO
compound are very inconsistent. For instance, some researchers reported that

additions depressed the critical temperature of Bi-2223 bulk samples (Kocabas &
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Kazanci, 1996; Kocabas et al., 2000), while others (Guo, Liu & Dou, 1994; Khan,
Kayani & ul Haq, 1997; Muralidhar et al., 1994; Muralidhar et al., 1992) claimed
that silver caused no change in T, for the same material. Investigations of some
researchers working on Ag affect, however, showed an increase in T. for samples
with silver contents up to certain volume and then a decrease with more silver

(Matsushita et al., 1994; Yu et al., 1997; Cémert et al., 1994).

Conflicting results have also been reported about the influence of silver on critical
density and J; behaviour in magnetic fields. Therefore, further detailed investigation
is needed to understand the behaviour of silver in BPSCCO superconductors.



CHAPTER THREE
EXPERIMENTAL RESULTS

3. 1. Experimental Procedure of Preparation of Samples

The ceramic superconducting samples of Bij 7Pbg35r2Caz xMxCu3Oy (M = Zn and
Ag) system were prepared from appropriate mixtures of high purity Bi,03(%99.99
Aldrich Co.), PbO(%99.999 Aldrich Co.), SrCO; (%99.9 Merck Co.), CaCOj3 (%99.9
Merck Co.), CuO(%99.99 Aldrich Co.), ZnO (%99.99 Aldrich Co.) and Ag,0(%99.9
Aldrich Co.) by standard solid state reaction method shown in Figure 3.1.

The substitution ratios of Ca by ZnO and Ag,O are in x = 0.00 — 0.20 range.
Starting component powders first have been weighted in cationic ratios with
+0.0001 g sensitivity Scaltec balance. After weighting, powders were mixed and
well grounded at five different ratios by naming A (x= 0.00), B (x= 0.05), C (x=
0.10), D (x= 0.15) and E (x= 0.20). These mixtures were heat-treated twice at 800°C
for 30 hours in alumina crucibles. The heat-treated powders were grounded again in
a mortar with a pestle and were uniaxially pressed at 375 MPa pressure. Prepared
pellets were 13 mm in diameter and 1-1.5 mm thick. These pellets were sintered at
850°C for 250 hours by using 7°C /minute heating rate and furnace cooled down to

room temperature.

In this study we have used Nabertherm furnace for heating processes which could
heat up to 1200°C. The temperature variation from the center of furnace is +1 °C so
we were able to heat more than one samples. Furnace can be controlled automatically

by adjusting desired heating ratio.
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Figure 3.1. Flowchart of the solid-state reaction method.

3. 2. Effect of Zinc oxide Substitution
3. 2. 1. Resistivity Measurements

The temperature dependence of resistance of all samples is shown in Figure 3.2 in
T= 80-220 K range. All samples display a metallic character above onset
temperature, which is defined as the temperature where resistance-temperature plot
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deviates from linearity. The onset temperature of samples is 125 K, 115 K, 123 K,
121 K and 118 K respectively. It’s evident that for the highest substitution ratio,
resistivity was strongly increased in metallic character region. The critical
temperature, zero resistance temperature, is 105 K, 100 K, 108 K, 110 K and 95 K
respectively. The resistance drop occurred in a single step implying that the samples
are mainly of single phase. Pb doped BSCCO (2223) system has 110 K offset
temperature. Results obtained from four-probe point resistivity measurements are
nearly to this value. The most convenient values are for C (x=0.10) and D (x= 0.15)
samples and so it’s possible to say that up to certain substitution ratio, ZnO improves
the formation of high-T, phase. Transition width, which is a parameter for the purity
of samples, is respectively 20 K, 15 K, 15 K, 11 K and 23 K. This indicates that the
narrowest transition width for samples B, C and D is in agreement with T, values.
However, the highest substitution ratio (x=0.20) has broaden the width of the
transition temperature implying the increasing of the weak links. The results obtained
by Halim et al. (Halim et al., 1999) for T, in Bi;Pbg¢Sr,Ca,Cu3Os composition,
indicate that zero resistance value decreases with zinc substitution up to 75 K. They
was also reported that the coupling of the grains in Zn doped sample (x=0.10 and
x=0.02) are weaker than that of Ba doped samples. Tepe et al. (tepe & Abukay,
1997) found that T, decreases with increasing x up to 0.20 from 104.5 K to 90.30 K
in Bi; 7Pbo.3812Ca2Zn,Cus Oy system. In contrary to the results given in literature in
our study we found that up to certain value of ZnO substitution, critical temperature
increases. This may be due to the different starting compositions and different

annealing conditions.

3. 2. 2. X-ray Diffraction Measurements

The powder XRD patterns of all samples are given in Figure 3.3. The high-T. and
low-T, phase peaks were identified by using the tables given by Bansal et.al. and
Pandey et.al.(Appendix B). All samples have a multiphase nature with high and low-
T, peaks along with ZnO and CuO impurity phases, which indicates the difficulty in
obtaining a single phase material by the conventional ceramic method. Peaks
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Figure 3.3. XRD patterns of ZnO substituted samples of Bi 7Pbo3Sr2Caz-Zn:CusOy
system. [A(x=0.00), B(x=0.05), C(x=0.10), D(x=0.15), E(x=0.20)]
o- Low-T, phase; ®-High-T. phase; O-ZnO; %- CuO



47

corresponding to 20=4.7° and 26=5.7°, named as H(002) and L.(002) are showing in
all samples with different intensities. The intensity of H(002) has maximum values
for samples C and D, in contrary to the peak intensity for L(002) which has
minimum value for this samples. The most visible peaks which can seen in 26= 25°-
35° range are L(115) at 26= 27.56° and H(0012) at 26= 28.9°. The intensity of
H(0012) increases with substitution ratio, but the intensity of the L(115) decreases
with substitution up to x=0.15.

The intensity of L(008) is decreasing with substitution, but for x=0.20 ratio it has
maximum value. In spite of this, the intensity of H(0010) is higher for samples B, C
and D. The peak be seen at 26=31.1° was indicated as L(117). The intensity of this
peak decreased with substitution ratio above x=0.05 and showed a significant
increase for x=0.20 substitutional ratio. Another clear observation was found for the
peak corresponding to 26=33.8" labelled as H(0014). For unsubstituted sample this
peak was not found while with increase in substitution, its intensity was increased. In
accordance with the results obtained for the other peaks, this peak showed a decrease
in intensity for x=0.20 substitution ratio.

It can be seen from XRD patterns that with increase in substitution ratio of Zinc
for Calcium, the intensities of the peaks corresponding to the high-T. phase increase
while those reflections corresponding to the low-T, phase decrease. At the highest
concentration of Zinc, the low-T, phase reflections are predominant compared to the
high-T, phase reflections

In spite of multiphase nature of samples, it’s possible to say that the dominant
phase is high-T. phase. The volume fraction of high-T, phase (2223), which indicates
the percentage of the reflections of 2223 phase in system, is calculated for all

samples by using

J2223= IH0010) / Trico010y+0.8 I (008) 3.1
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formula (Cooper et al., 2001). L(008) corresponds to 26= 23.13° and H(0010) to 20=
23.97°. As shown in Figure 3.4.volume fraction is %68 for sample C and %60 for D
which are in accordance with resistivity measurements. Volume fraction for A is
%29, %43 for B and %36 for sample E.

Patterns obtained from XRD measurements provide knowledge not only for
superconducting phases but also for not desired impurity phases. All ZnO samples
show ZnO impurity at 26= 36°, which increase with substitution ratio. Thus it could
be said that ZnO does not enter in the crystal structure. Some of samples have CuO
impurity at 26— 38.8".

It is well established that for an optimum hole concentration T, has a maximum
value and above and below this optimum, T, decreases. The increase in the hole
concentration might be responsible for improvement of the superconducting

properties.

3. 2. 3. SEM Measurements

The microstructures of the top surfaces of all Zinc substituted samples are shown
in SEM photographs taken at the same x2000 magnification in Figure 3.5. In all
samples, the dominant structure is plate-like grains randomly distributed due to the
presence of the pores in between the grains in these low-density compacts. A plite-
like nature is typical of the superconducting phase (Kocabag et al., 2000). Sample A
and B have fine crystalline and homogeneous structure in needle-like and rood-like
form. For samples C and D grains are in plate-like form, which is more preferable for
superconductivity. This behaviour is attributed to increasing connectivity between

the superconducting grains.

Sample E is also in plate-like form, but there is much more porosity between
grains so the weak link nature of superconductivity can be observed which leads to

depress in T.. In conclusion C and D have better crystal structure than other samples,
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Figure 3.5. a) Scanning electron microscoscope photographs of the top surfaces
of ZnO substituted samples. Magnification X 2000.

B(¢=0.05), C(=0.10)]

{A(=0.00},



Figure 3.5. b) Scanning electron microscoscope photographs of the top surfaces
of Zn0 substituted samples. Magnification X 2000.
ID(x=0.15), E(x=0.20)]
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that may be explanation for the greatest offset temperature (zero resistance

temperature) behaviour.

The theoretical density of BPSCCO system is about 6,3 g/cm’® obtained from the
lattice parameters (Yang X. & Chaki T.K., 1993). The density of pellets in this work
were determined to be 5.02, 4.33, 4.79, 4.65 and 4.95 g/cm3 respectively from A to

E, measured by water displacement Archimedes method using

_ _W(@.pl) 30
P=Ww@-w G2

formula. p(fl) is density of the liquid, W(a) is weight of the solid in air and W(fl)
weight of the solid in liquid.

Most open pore volume was intruded by water during these tests (Kocabas &
Ciftgioglu, 2000). The densities of the same pellets were estimated to be in the 3.4 to
4.0 g/cm® range from their dimensional measurements. If the theoretical density of
these pellets is taken as 6.3 g/cm’, this indicates that these pellets have %37 to %46
porosity. The bulk densities evaluated by water displacement technique are in the
%68 to %79 range of theoretical density. This shows that about two fifth of the pores

were filled by water during the density determinations.

3. 3. Effect of Silver(II)oxide Substitution
3. 3. 1. Resistivity Measurements

The temperature dependence of resistance of all samples is shown in Figure 3.6.
in T= 80-220 K range. All samples display a metallic character above onset
temperature. The onset temperature of samples is 117K, 121 K, 125 K, 123 K and
121 K respectively. Resistivity measurement results also showed that resistivity in
the metallic character region for substituted samples are higher than the unsubstituted

sample. The critical temperature, zero resistance temperature, of samples from A to E
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A (x=0.00), B (x=0.05), C (x=0.10), D (x=0.15), E (x=0.20)

240



54

is 106 K, 110K, 110 K, 115 K and 110 K respectively. Results obtained by Khan et
al. (Khan & Khizar, 1999) for T, at x=0.05 substitution for calcium are nearly the
same to ours. The same composition was prepared by glass precursor method and
samples were annealed at 850°C for 240h in air. They found that for undoped sarhple
zero resistance temperature is 109 K while for x=0.05 substitution of Ag, T,
decreases to 106 K. In our study samples were annealed at 850°C for 250h in air and
preparation method was different. Difference for- T, may be caused by these
preparation conditions. Pb doped BSCCO (2223) system has 110 K offset
temperature. Results obtained from four-probe point resistivity measurements are

nearly to this value.

Rojek et al. (Rojek et al., 1989) reported that in Bij 4Pbg¢Ago2Sr2CarCu3O10x
composition, prepared by solid state reaction method, T, values for 2, 4, 8 and 16
days annealing time, were measured as 108.5, 111.7, 112.8 and 114 K respectively.
All samples show T, onsets at about 119F 1 K. These results are in accordance with
our results. Although we substituted calcium by zinc, the similar values for T, and
onset temperatures were obtained. This may be due to the slow reaction kinetics of
formation for the high-T, phase.

Matsushita et al. (Matsushita et al., 1994) studied the effect of Ag addition to Bis.x
PbxSr,CayCuzOyt+Ag (0-100 wt %) system. For samples with 40-60 wt % Ag, where
x=0.7, values of zero resistance higher than 110 K were obtained. It is likely that the
role of Ag is to give better connectivity between tne grains and drastically reduce
resistivity.

Increasing in the substitution ratio of Ag,O increases the offset temperature of
samples. The highest value is for sample D (x= 0.15) and so it could be said up to
certain substitution ratio Ag,O improves the formation of high-T. phase. The
transition width is 11 K, 11 K, 14 K, 8 K and 11 K respectively from samples A to E,
which indicates that nearly pure structure is obtained.
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3. 3. 2. X-ray Diffraction Measurements

The powder XRD patterns of all samples are given in Figure 3.7. The high-T, and
low-T, phase peaks were identified by using the tables given by Bansal et.al. and
Pandey et.al.(Appendix B). All samples have a multiphase nature with high and low-
T, peaks. Impurity phase CuO is showing at 26— 38.8" in all samples. There is also
another impurity phase at 26= 19.00° which we couldn’t able to named. The
characteristic peaks of BSCCO system, L(002) and H(002), are not visible in all
samples. The most visible peaks which can seen in 26= 20°-35° are L(115) at in 26=
27.6° and H(0012) at in 20= 28.09°. The intensity of L(115) decreases with
substitution ratio, but intensity of H(0012) increases.

The peak corresponding to in 26= 33.8° is labelled as H(203). The intensity of this
peak is increasing with substitution. In spite of this, intensity of the peak shown at in
20= 31.1° is decreasing with Ag,O substitution. XRD patterns results revealed that
number and intensities of the high-T, reflections are predominant compared to the
low-T; phase reflections. These results show that Ag;O substitution in BPSCCO
ceramic stimulates a higher degree of orientation of grains of 2223 phase

predominantly along the c-axis.

Khan et al. (Khan &Khizar, 1999) were reported that with the addition of Ag
(x=0.05), only those peaks corresponding to the low-T, phase were observed. It’s
well known that the volume fraction of the high-T. phase increases with increase in
sintering time, while the low-T, phase decreases. Higher sintering time in our study
could be reason for the large percentage of the high-T. phase. It has been widely
accepted that Ag addition in BPSCCO reduces the partial melting temperature of the
system and thereby accelerates the formation rate of 2223 phase (Sobha at al., 1998).

In spite of multiphase nature of samples, the dominant phase is high-T. phase. The
volume fraction of 2223 phase was calculated by formula given before by using
intensities of L(008) and H(0010) peaks. As shown in Figure 3.8.volume fraction is
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increasing with substitution ratio. Values obtained are %24, %52, %72, %73 and
%79 respectively from sample A to E.

XRD measurements also provide knowledge about impurity phases. Impurity
implicated the substituted Ag,O wasn’t seen in results lead to a conclusion that silver

is not incorporated in the lattice.

3. 3. 3. SEM Measurements

The microstructures of the top surfaces of all samples are shown in Figure 3.9.
SEM microphotographs are taken at x2000 magnification for all samples.
Unsubstituted sample A has homogeneous structure in plate-like and needle-like
form. With increasing substitution ratio, plate-like form could be seen much more
evidently. The grain size is increasing also with substitution, which is in accordance
with results obtained from resistivity measurements and XRD. Higher grain size
provides stronger contact between grains, which leads to improvement in high-T,
phase. In sample E plate-like form of grains is dominant but there is also needle-like

form.

The densities of samples were determined by Archimedes water displacement
method. The density of pellets in this work were calculated to be 5.17g/cm’ for
x=0.00, 5.00 g/em’ for x= 0.05, 4.53 g/em’for x= 0.10, 4.52 g/cm’ for x= 0.15 and
4.89 g/em’ for sample E with x=0.20 substitution ratio. The densities of pellets were
calculated to be in the 3.85 to 4.38 g/cm’ range from dimensional measurements. If
theoretical density is taken as 6.3 g/cm’, this indicates that pellets have %30 to %39

porosity.

Obtained results by water displacement technique are in the %72 to %82 range of
theoretical density, which is calculated from the lattice parameters to be 6.3 g/cm’.
This revealed that about one third of the pores were filled by water during water

displacement density measurements.
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Figure 3.9. a) Scanning electron microscoscope photographs of the top surfaces

2000.

of Ag,O substituted samples. Magnification X

[A(=0.00), B(x=0.05), C(x=0.10)]
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Figuare 3.9. b) Scanning electron microscoscope photograpbs of the top surfaces
of Ag,O substituted samples. Magnification X 2000.
[D(x=0.15), E(x=0.20)]
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3.4. Comparison of Results

In this research it was examined the effect of ZnO and Ag,O partial substitution
for Ca on the formation of the high-T; phase in Bi; 7Pbg3Sr2CazxMxCu3Oy system.
Zn** belongs to 2B transition elements group with 0.74A ionic radii smaller than the
ionic radii of Ca?*. Ca®" is the element of alkaline-earth group which ionic radii is
0.99 A. The other substituted element Ag'* is 1B group transition element with 1.26
A ionic radii, higher than the Ca®" radii. Substitution of elements with different ionic
radii may be responsible for variation of the structure of system. Partial replacement
of elements with smaller ionic radii is expected to be reason for decrease in the c-

axis, which leads to decrease in T..

Obtained results show that both for ZnO and Ag,O substitutions, zero resistance
temperature and volume fraction values are maximum for the optimum substitution
ratios. Zero resistance values for Ag,O substitution are higher than the ZnO’s so, it’s
possible to say that Ag,O has better effects on the system properties. Volume
fraction values, which indicate the percentage of high-T. phase in the system, are
also higher for Ag,O substituted samples.

Comparison of the resistance behaviour of both substitutional groups, revealed
that the resistivity values in the metallic character region for Ag,O substituted
samples are half of the values for ZnO group in the same region. This behaviour
could be explanation of the higher T, values for Ag,O substituted samples.

Transition width, a sign of pure structure of system, has lower values for Ag,O
substituted group. Because of all stated above we could say that Ag,O play better

role in improvement of the superconducting properties of the system than the ZnO.

Samples, prepared by the conventional solid state reaction method, were annealed
at 850°C for 250h in air. XRD patterns of samples revealed various phases present in
the crystalline samples. Although the multiphase nature of all samples in both
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substitutional group, reflections corresponding to the high-T. phase are predominant
than the reflections of the low-T, phase.

The density values, less than the theoretical density, are almost the same in both
substitutional groups which indicates that the structure is in less compact form.
Smaller density is sign of the pores in the between grains which effects T, value
negatively. The comparison of the superconducting parameters of system is given in
Table 3.1.

When a particularly amount of Ag,O and ZnO is added to (Bi,Pb)-2223 system,
the liquid phase is established. This liquid results in the increment of T, with the
improvement of weak link of grain boundary. The formation of this liquid phase is
believed to be an origin of the enhancement of the formation of the high-T, phase.
Consequently, the following reaction for the formation of high-T, phase is proposed:

(Bi,Pb),Sr2CaCu0y, —2EXC 5 (B Pb),Sr,CarCus0y

Ca'? Ccu”
Melting

On the contrary to different ionic radii of substituted elements we could say that
not only the difference of radii but also true valance of elements is responsible for
variation of superconducting properties of system. The substitution of Ca?* by the
transition element Ag'“causes decrease of electron density, which in turn increases
the hole carrier concentration leading to an increase of the T; and an improvement of
the other superconducting properties. In contrary to the same valance of Zn?* with
Ca®, results in this part of research for T. are almost the same with results given in
literature, only for an optimum substitution ratio. If Zn is in the +2 state, then there
will be no change in the carrier concentration, leads to a modification of the structure
as the variation in T which can be due to the change in volume fraction of the 2223
phase as a result of substitution. So it’s possible to say that the smaller ionic radii
could be a reason for smaller zero resistance values than the Ag,O.
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CHAPTER FOUR
CONCLUSIONS

4. 1. Conclusions

In order to stabilise the superconducting phase of the copper oxide based
materials, elemental substitution method has been widely employed. The
(Bi,Pb),Sr,CayCuzOy type phase in pure form has 110 K superconducting transition
temperature. However, this phase is not easily prepared in pure form. Partial
substitutions by other elements at various metal sites in this system can stabilise the

2223 phase and improve its superconducting properties.

In this thesis, we have studied the effects on superconducting properties of
elemental substitution of Ca by ZnO and Ag,O, which has different ionic radii
compare to Ca. Samples, prepared with substitutions at five different molar ratios
have been characterised by resistivity-temperature measurement, X-ray diffraction
patterns, scanning electron microscopy photographs and density measurement made
by Archimedes water displacement method. Additional data about properties of the
system were obtained by calculations of volume fraction of high-T; phase.
Comparison of the results for ZnO and Ag,O substitutions, obtained from
experimental measurements, were also made. Under this comparison the effects of
each substitution on improvement and variation of system’s properties were
determined. In conclusion, the better substitution element was indicated, which is

more favorable for a desirable improvement of system characteristics.
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APPENDIX B

Calculated and observed d-spacings for powders after 48h sintering. Lines indexed
with respect to 2212 unit cell with a=b=5.404 A°, ¢=30.400 A’ and 2223 unit cell
with a=b=5.404 A°, c=37.207 A’ phases (CuK,, radiation)

bkl dea  dos 204, 11, b d e dew 20, U,
@a @A) (deg) (%) Aa) (A) _ (dep) (%)

H-002 18514 18395 4.800 7 H-1111  2.527 2.528 35475 31
L-002 15391 15.740 5.610 2 H-2010 2.184 2.184 41305 5
L-008 3.800 3.823 23.250 6 H-2012 2.034 2.034 44,500 27
H-111  3.804  3.823 23.250 6 L-2020 2.0307 2.0309 44.580 32
'H-0010 3.703  3.709 23.970 26 L-220 1.912 1911 47.550 50
H-113  3.653  3.655 34.335 16 H-220 1912 1.911 47.550 50
L-113 3,577  3.566 34.950 6 H-2014 1.891 1.892 48.040 24
H-115 3398 3.395 26.225 52 H-1117 1.893 1.892 48.040 24
L-115 3.237 3.237 27.530 17 L-1115 1.791 1.805 50515 3
H-117 3.099 3.098 28.795 80 H-1119 1.736 1.740 52.540 12
L-117 2870 2.872 31.115 21 H-0022 1.683 1.698 53955 5§
H-119 23801  2.801 31.925 58 H-315 1.666 1.665 55.105 9
L-200 2704 2.702 33.125 100 H-317 1.627 1.627 56.525 20

H-200 2704 2.702 33.125 100 H-319 1579 1.579 58395 10
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